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Clinical PerspectiveWhat Is New?Largest study to date investigating electrolyte monitoring and rates of hyperkalemia during the first year of angiotensin‐converting enzyme inhibitors (ACE‐I) or angiotensin receptor blockers (ARB) therapy.Reporting of adherence to guideline‐recommended electrolyte monitoring after ACE‐I and ARB initiation.Comparison of rates of hyperkalemia among new ACE‐I or ARB users to new β‐blocker users.Development of a tool to predict risk of hyperkalemia after ACE‐I or ARB initiation according to 6 readily available characteristics, with validation in a separate patient cohort.What Are the Clinical Implications?Many patients lack guideline‐recommended electrolyte monitoring after ACE‐I or ARB initiation.Risks of hyperkalemia are fairly similar in new ACE‐I or ARB users compared with new β‐blocker users until estimated glomerular filtration rate \<60 mL/min per 1.73 m^2^.Use of the hyperkalemia risk tool may inform a personalized assessment of the risks and benefits of ACE‐I and ARB prescription as well as the development of efficient protocols for electrolyte monitoring.

Introduction {#jah32349-sec-0008}
============

Angiotensin‐converting enzyme (ACE‐I) inhibitors and angiotensin receptor blockers (ARBs) have demonstrated efficacy in reducing blood pressure and proteinuria, slowing progression of kidney disease, and improving outcomes in patients with heart failure, diabetes mellitus, and post--myocardial infarction.[1](#jah32349-bib-0001){ref-type="ref"}, [2](#jah32349-bib-0002){ref-type="ref"}, [3](#jah32349-bib-0003){ref-type="ref"}, [4](#jah32349-bib-0004){ref-type="ref"}, [5](#jah32349-bib-0005){ref-type="ref"} However, these medications have also been associated with adverse events, including hyperkalemia.[6](#jah32349-bib-0006){ref-type="ref"}, [7](#jah32349-bib-0007){ref-type="ref"}, [8](#jah32349-bib-0008){ref-type="ref"}, [9](#jah32349-bib-0009){ref-type="ref"} Although adverse events can occur at any level of kidney function, the risk is thought to be greatest in those with chronic kidney disease and congestive heart failure.[6](#jah32349-bib-0006){ref-type="ref"} Thus, concern for adverse effects may lead to underutilization in the subgroups of patients who are expected to derive the greatest benefit.[10](#jah32349-bib-0010){ref-type="ref"}

Clinical detection of hyperkalemia requires laboratory evaluation, and close laboratory monitoring is recommended during ACE‐inhibitor or ARB use. The 2012 Kidney Disease: Improving Global Outcomes (KDIGO) guideline on chronic kidney disease evaluation and management recommends assessing glomerular filtration rate (GFR) and potassium within 1 week after initiating or increasing the dose of an ACE‐I or ARB, regardless of baseline potassium level.[11](#jah32349-bib-0011){ref-type="ref"} The 2004 Kidney Disease Outcomes Quality Initiative (KDOQI) suggests a more detailed algorithm: monitor laboratory values within the first 4 weeks after initiation or dose change for high‐risk patients (defined as having systolic blood pressure \<120 mm Hg, potassium \>4.5 mmol/L, or estimated glomerular filtration rate (eGFR) \<60 mL/min per 1.73 m^2^) and within 4 to 12 weeks for all others.[12](#jah32349-bib-0012){ref-type="ref"} The American Heart Association recommends checking serum electrolytes and creatinine before and 1 week after starting an ACE‐I.[13](#jah32349-bib-0013){ref-type="ref"} Clinical trials suggest that the rate of hyperkalemia after initiating renin--angiotensin system blockade is low[14](#jah32349-bib-0014){ref-type="ref"}, [15](#jah32349-bib-0015){ref-type="ref"}; however, the frequency of monitoring and rates of hyperkalemia in clinical practice are not well defined.

Using The Stockholm Creatinine Measurements (SCREAM) cohort (a healthcare utilization cohort from the region of Stockholm, Sweden), we investigated the frequency of laboratory monitoring as well as the occurrence of hyperkalemia among new users of ACE‐Is and ARBs. To evaluate rates of hyperkalemia in a similar population not on ACE‐I or ARB therapy, we also quantified these parameters in a propensity‐matched cohort of new users of β‐blocker therapy. Finally, we created a susceptibility score to help predict the development of hyperkalemia among new ACE‐I or ARB‐users, and validated the score\'s performance in new users of ACE‐I and ARB therapy in a separate US‐based healthcare utilization cohort.

Methods {#jah32349-sec-0009}
=======

Study Design {#jah32349-sec-0010}
------------

The SCREAM project is a repository of laboratory data of healthcare users in the region of Stockholm, Sweden who underwent creatinine testing.[16](#jah32349-bib-0016){ref-type="ref"} These data were linked to administrative databases with complete information on demographic data, healthcare utilization, diagnoses, vital status, and pharmacy‐dispensed prescription medicines, and cover the time period from January 1, 2006 to December 31, 2011. For the present study, we included all new users of an ACE‐I or an ARB with a serum creatinine and a potassium measurement on or within a year before the dispensation date. New use was defined as a first‐time ACE‐I or ARB dispensation (with no previous dispensation of an ACE‐I or an ARB recorded) between January 1, 2007 and December 31, 2010. This time period was chosen to ensure that the dispensation was not merely a continuation of an existing prescription and that a participant had a full year of follow‐up after medication dispensation. For the purposes of evaluating monitoring patterns, we excluded the 926 new users who died within a year of drug initiation, for a final study population of 69 426. The study consisted solely of de‐identified data and thus was deemed not to require informed consent. It was approved by regional institutional review boards and the Swedish National Board of Welfare in accordance with journal guidelines.

Patient Characteristics {#jah32349-sec-0011}
-----------------------

Age and sex were obtained from the Stockholm regional healthcare data warehouse. Race was not collected in accordance with Swedish law; however, the vast majority of Swedish citizens are of white origin. Serum creatinine collected in clinical practice is uniformly traceable to isotope dilution mass spectroscopy standards, and it was converted to eGFR using the CKD‐EPI equation.[17](#jah32349-bib-0017){ref-type="ref"} Albuminuria was assessed in clinical practice using urine albumin‐to‐creatinine ratio (mg/g) in the year before inclusion. Comorbid conditions included diabetes mellitus, heart failure, coronary artery disease, cerebrovascular disease, and peripheral vascular disease, assessed using *International Classification of Disease---Tenth Edition* (*ICD‐10*) diagnostic codes as previously described.[16](#jah32349-bib-0016){ref-type="ref"} Medications assessed included diuretics (both loop and thiazide), nonsteroidal anti‐inflammatory drugs, spironolactone, β‐blockers, and other antihypertension medications. Medications were assumed to be concomitant if there was a pharmacy dispensation within the year before ACE‐I or ARB dispensation.

Study Outcomes {#jah32349-sec-0012}
--------------

Ambulatory as well as inpatient potassium measurements were evaluated during the year after ACE‐I or ARB initiation. For the purposes of assessing monitoring frequency and the occurrence of hyperkalemia, only the first inpatient potassium was taken into account, since hospital‐dispensed ACE‐I or ARB therapy is not recorded in the Swedish prescription drug registry. Among participants with available potassium measures, we identified episodes of potassium levels \>5 and \>5.5 mmol/L.

Comparison Group {#jah32349-sec-0013}
----------------

To assess whether outcomes were different in individuals who were not on ACE‐I or ARB therapy, we constructed a parallel cohort of new users of β‐blocker therapy in the same time period (January 1, 2007 to December 31, 2010), with a serum creatinine and a potassium measurement on or within a year before the dispensation date, and who were not on or previously on ACE‐I or ARB therapy (N=24 333). This cohort was also drawn from the SCREAM data and selection was conducted using methods identical to that of the new users of ACE‐I or ARB cohort. We then used propensity matching to 1:1 match new users of β‐blockers to new users of ACE‐I/ARB, with the following covariates used in the construction of the propensity score: age; sex; diabetes mellitus status; history of congestive heart failure; history of coronary artery disease, cerebrovascular disease, or peripheral vascular disease; use of diuretics; use of potassium‐sparing diuretics; use of other hypertension medications; baseline potassium; baseline eGFR; and whether a baseline albumin‐to‐creatinine ratio was available. Of the matched participants, we evaluated for the occurrence of potassium monitoring and, among those with monitoring, potassium \>5 and \>5.5 mmol/L.

Statistical Analysis {#jah32349-sec-0014}
--------------------

Baseline characteristics were displayed as mean and SD or median and interquartile range in the setting of a skewed distribution. Patient characteristics were stratified by the availability of potassium measurements in the year following ACE‐I or ARB initiation. The proportion experiencing elevated potassium levels during the year was further stratified by eGFR (≥90, 60--89, 45--59, 30--44, and \<30 mL/min per 1.73 m^2^). The distribution of change in potassium from baseline value to the first check in the year following medication initiation was described using kernel density plots. Logistic regression was used to estimate the risk relationship between baseline characteristics, concomitant medications, and the development of hyperkalemia, adjusted for number of potassium checks as a surrogate for contact with the medical system (1, 2--4, and \>4 checks in the year following medication initiation). A susceptibility score for the development of potassium \>5.5 mmol/L in the year following medication initiation was developed among the 68 880 new users of ACE‐I or ARB therapy with baseline potassium \<5 mmol/L. Inputs for the susceptibility score were selected based on factors that had significant coefficients in logistic regression (sex, baseline potassium level, eGFR, diabetes mellitus, heart failure, and the presence of K‐sparing diuretics) in order to predict the risk of hyperkalemia in the year after ACE‐I or ARB initiation. Discrimination and calibration were tested by calculating the area under the curve (C‐index) and plotting deciles of predicted risk against observed risk. The score was validated in a cohort of new ACE‐I and ARB users in Geisinger Health System using the same selection criteria and statistical analysis. Additional details regarding the electronic health record have been previously published.[18](#jah32349-bib-0018){ref-type="ref"} In brief, Geisinger is a rural health system in central and northeastern Pennsylvania. The study population included all patients over 18 years of age who are followed as primary care patients in the Geisinger Health System. Use of ACE‐I and ARB therapy was determined based on outpatient orders and medication lists. Demographic variables were assessed from the electronic medical record and comorbidities from *International Classification of Diseases, Ninth Revision, Clinical Modification* diagnosis codes on or before medication prescription date. Analyses were performed in Stata 14 MP (College Station, TX).

Results {#jah32349-sec-0015}
=======

Baseline Characteristics {#jah32349-sec-0016}
------------------------

There were 69 426 patients who initiated ACE‐I or ARB therapy from January 1, 2007 to December 31, 2010 (Table [1](#jah32349-tbl-0001){ref-type="table-wrap"}). The majority of dispensations were for ACE‐I therapy (82%; N=56 943). Approximately half of the population were women (N=35 270, 50.8%), and the average age was 55 years. The average predispensation potassium level was 4.1 mmol/L, and 9% (N=6341) of the population had an eGFR \<60 mL/min per 1.73 m^2^. Of those participants with an available assessment of albuminuria (23%; N=15 898), 20% had values between 30 and 299 mg/g, and 5% had values ≥300 mg/g.

###### 

Baseline Characteristics of Patients in the Stockholm Creatinine Measurements (SCREAM) Cohort Initiating ACE‐I or ARB, Stratified by the Presence of Potassium Monitoring in the Year Following Initial Medication Prescription

                                          Overall        No Potassium Monitoring   Potassium Measured at Least Once in the First Year
  --------------------------------------- -------------- ------------------------- ----------------------------------------------------
  Total, N (%)                            69 426         16 430 (24%)              52 996 (76%)
  Age, mean (SD), y                       55 (13)        51 (13)                   56 (13)
  Female, n (%)                           35 270 (51%)   7923 (48%)                27 347 (52%)
  Diabetes mellitus, n (%)                7099 (10%)     1045 (6%)                 6054 (11%)
  History of CHF, n (%)                   5162 (7%)      365 (2%)                  4797 (9%)
  History of CAD, CVD, or PVD, n (%)      9940 (14%)     1235 (8%)                 8705 (16%)
  Use of NSAID, n (%)                     18 330 (26%)   4003 (24%)                14 327 (27%)
  Use of other diuretics, n (%)           14 987 (22%)   2255 (14%)                12 732 (24%)
  Use of K‐sparing diuretics, n (%)       2728 (4%)      261 (2%)                  2467 (5%)
  Use of β‐blockers, n (%)                27 580 (40%)   5184 (32%)                22 396 (42%)
  Use of other HTN meds, n (%)            14 104 (20%)   2765 (17%)                11 339 (21%)
  Potassium, mean (SD), mmol/L            4.1 (0.4)      4.1 (0.3)                 4.1 (0.4)
  Potassium \>5 mmol/L, n (%)             546 (1%)       94 (1%)                   452 (1%)
  Potassium \>5.5 mmol/L, n (%)           78 (0.1%)      13 (0%)                   65 (0%)
  eGFR, mean (SD), mL/min per 1.73 m^2^   89 (20)        94 (18)                   87 (21)
  eGFR \<60 mL/min per 1.73 m^2^, n (%)   6341 (9%)      703 (4%)                  5638 (11%)
  Available ACR or dipstick, n (%)        15 898 (23%)   2932 (18%)                12 966 (24%)
  Albuminuria 30 to 300 mg/g, n (%)       3106 (20%)     443 (15%)                 2663 (21%)
  Albuminuria \>300 mg/g, n (%)           792 (5%)       70 (2%)                   722 (6%)

Indication for ACE‐I/ARB defined as ACR ≥300 mg/g or a protein level of ++ on urine dipstick, a diagnosis of congestive heart failure, or a diagnosis of diabetes mellitus with ACR \>30 mg/g or a protein level of + on urine dipstick. ACE‐I indicates angiotensin‐converting enzyme inhibitor; ACR, albumin‐to‐creatinine ratio; ARB, angiotensin receptor blocker therapy; CAD, coronary artery disease; CHF, congestive heart failure; CVD, cerebrovascular disease; eGFR, estimated glomerular filtration rate; HTN, hypertension; K, potassium; NSAID, nonsteroidal anti‐inflammatory drug; PVD, peripheral vascular disease.

Frequency of Potassium Monitoring {#jah32349-sec-0017}
---------------------------------

Only one third (34%; N=23 927) of new ACE‐I or ARB users had potassium checked within 1 month of initiation, and 76% (N=52 996) had potassium checked within the year after ACE‐I or ARB initiation. Overall, those with potassium measurements in the year following ACE‐I or ARB initiation were older, with more heart failure, diabetes mellitus, and coronary artery disease. They also had lower eGFR (87 mL/min per 1.73 m^2^ versus 94 mL/min per 1.73 m^2^, *P*\<0.001) and higher prevalence of eGFR \<60 mL/min per 1.73 m^2^ (10.6% versus 4.3%, *P*\<0.001). Of note, the average baseline potassium level was the same among patients with and without potassium monitoring (4.1 mmol/L in both groups).

Incidence of Hyperkalemia in the Year After ACE‐I/ARB Initiation {#jah32349-sec-0018}
----------------------------------------------------------------

Among SCREAM patients with potassium monitoring in the year following ACE‐I or ARB initiation (N=52 996), the occurrence of hyperkalemia was relatively low. Potassium \>5 mmol/L occurred in 5.6% (N=2977), potassium \>5.5 mmol/L occurred in 1.7% (N=924), and potassium \>6 mmol/L occurred in 0.63% (N=334). Of those who developed potassium levels \>5 mmol/L, 1000 participants had another level \>5 mmol/L within the year; 278 of the 924 participants with potassium \>5.5 mmol/L and 77 of the 334 participants with potassium \>6.0 mmol/L had another episode, respectively. Hyperkalemia occurred much more frequently among persons with lower eGFR. For example, among persons with eGFR \<30 mL/min per 1.73 m^2^, new users of ACE‐I or ARB therapy had a 55% and 29% 1‐year occurrence of potassium \>5 and \>5.5 mmol/L, respectively.

Comparison of Hyperkalemia Incidence in the Year After β‐Blocker Initiation {#jah32349-sec-0019}
---------------------------------------------------------------------------

In a propensity‐matched analysis, 20 186 new users of β‐blockers had less potassium monitoring in the year after initiation compared with 20 186 new ACE‐I/ARB users (64% versus 74%) (Table [S1](#jah32349-sup-0001){ref-type="supplementary-material"}). The occurrence of hyperkalemia was similar in new ACE‐I/ARB and β‐blocker users except in patients with low eGFR (Figure [1](#jah32349-fig-0001){ref-type="fig"}A and [1](#jah32349-fig-0001){ref-type="fig"}B). For example, new users of β‐blocker therapy had a 4.4% and 1.4% occurrence of potassium \>5 and \>5.5 mmol/L overall, similar to that observed among new ACE‐I/ARB users; however, among patients with an eGFR \<30 mL/min per 1.73 m^2^, occurrence was 38% and 17%, respectively, compared with 51% and 29% in the matched ACE‐I/ARB users. In general, the change in potassium after medication initiation was shifted slightly to the right (increase in potassium) in new users of ACE‐I or ARBs compared to new users of β‐blockers, and this was more pronounced in lower eGFR strata (Figure [S1](#jah32349-sup-0001){ref-type="supplementary-material"}).

![Proportion of propensity‐matched cohort of patients in the Stockholm Creatinine Measurements (SCREAM) cohort initiating or β‐blocker therapy (light gray; N=20 186) or angiotensin‐converting enzyme inhibitor or angiotensin receptor blocker therapy (dark gray; N=20 186) with (A) potassium \>5 mmol/L and (B) potassium \>5.5 mmol/L during the first year on therapy. ACEi indicates angiotensin‐converting enzyme inhibitor; ARB, angiotensin receptor blocker; eGFR, estimated glomerular filtration rate.](JAH3-6-e005428-g001){#jah32349-fig-0001}

Risk Factors for Hyperkalemia After ACE‐I/ARB Initiation {#jah32349-sec-0020}
--------------------------------------------------------

Risk factors for hyperkalemia included the presence of diabetes mellitus (odds ratio \[OR\]: 1.64 for potassium \>5 mmol/L and 1.73 for potassium \>5.5 mmol/L), congestive heart failure (OR: 1.57 and 1.76, respectively), and use of K‐sparing diuretics (OR: 2.06 and 2.16, respectively) (Table [2](#jah32349-tbl-0002){ref-type="table-wrap"}). Lower eGFR, whether in patients with eGFR \>60 or \<60 mL/min per 1.73 m^2^, was a strong risk factor for the occurrence of potassium \>5 or \>5.5 mmol/L. Women had significantly lower risk of hyperkalemia. Baseline potassium level was among the strongest risk factors, with each 0.1 mmol/L higher baseline potassium conferring a 19% (OR, 1.19, 95% CI: 1.17--1.20) and a 15% (OR 1.15, 95% CI: 1.13--1.17) higher risk for potassium \>5 or \>5.5 mmol/L, respectively. The use of ACE‐I compared with ARB therapy also appeared to confer a slightly higher risk for having potassium \>5 mmol/L or potassium \>5.5 mmol/L.

###### 

Adjusted Associations of Baseline Characteristics of Patients in the Stockholm Creatinine Measurements (SCREAM) Cohort With the Development of Mild (Potassium \>5 mmol/L) and Moderate Hyperkalemia (Potassium \>5.5 mmol/L) in the Year Following Initiation of ACE‐I or ARB (N=52 996)

                                        Mild Hyperkalemia   Moderate Hyperkalemia                       
  ------------------------------------- ------------------- ----------------------- ------------------- ---------
  Age, per 10 y                         1.03 (0.99, 1.07)   0.132                   0.98 (0.92, 1.05)   0.583
  Female                                0.83 (0.76, 0.90)   \<0.001                 0.83 (0.72, 0.96)   0.014
  Potassium, per 0.1 mmol/L             1.19 (1.17, 1.20)   \<0.001                 1.15 (1.13, 1.17)   \<0.001
  eGFR \<60, per −15 mL/min/1.73 m^2^   1.93 (1.80, 2.07)   \<0.001                 1.93 (1.76, 2.11)   \<0.001
  eGFR 60+, per −15 mL/min/1.73 m^2^    1.24 (1.18, 1.31)   \<0.001                 1.24 (1.14, 1.35)   \<0.001
  Diabetes mellitus                     1.64 (1.47, 1.82)   \<0.001                 1.73 (1.46, 2.05)   \<0.001
  History of CHF                        1.57 (1.40, 1.76)   \<0.001                 1.76 (1.47, 2.12)   \<0.001
  History of CAD, CVD, PVD              1.12 (1.01, 1.24)   0.031                   1.12 (0.95, 1.32)   0.192
  ACE‐I (vs ARB)                        1.17 (1.03, 1.32)   0.012                   1.26 (1.02, 1.56)   0.036
  K‐sparing diuretics                   2.06 (1.80, 2.35)   \<0.001                 2.16 (1.77, 2.63)   \<0.001
  Other diuretics                       1.12 (1.01, 1.24)   0.032                   1.24 (1.04, 1.48)   0.014
  β‐Blockers                            1.03 (0.94, 1.13)   0.531                   0.94 (0.80, 1.09)   0.406
  Other HTN meds                        0.95 (0.86, 1.05)   0.314                   1.12 (0.95, 1.31)   0.179

Associations were additionally adjusted for the frequency of K check (\<2, 2--4, \>4) as a proxy for contact with the medical system. ACE‐I indicates angiotensin‐converting enzyme inhibitor; ARB, angiotensin receptor blocker therapy; CAD, coronary artery disease; CHF, congestive heart failure; CVD, cerebrovascular disease; eGFR, estimated glomerular filtration rate; HTN, hypertension; K, potassium; OR, odds ratio; PVD, peripheral vascular disease.

Discrimination and Calibration of a Hyperkalemia Susceptibility Score After ACE‐I/ARB Initiation {#jah32349-sec-0021}
------------------------------------------------------------------------------------------------

A susceptibility score for the development of potassium \>5.5 mmol/L using sex, baseline potassium, eGFR, the presence of diabetes mellitus, heart failure, and concomitant use of K‐sparing diuretics showed excellent discrimination (C‐index, 0.854; 95% CI: 0.840--0.869) in the SCREAM cohort with good calibration (Figure [2](#jah32349-fig-0002){ref-type="fig"}A). Validation was performed in the US‐based Geisinger Health System, a population that was older than the SCREAM cohort, with a greater prevalence of diabetes mellitus, coronary artery disease, and diuretic use, and higher baseline potassium levels (Table [S2](#jah32349-sup-0001){ref-type="supplementary-material"}). Discrimination and calibration were again excellent, with a c‐index of 0.818 (95% CI: 0.794--0.841) (Figure [2](#jah32349-fig-0002){ref-type="fig"}B). Of note, a slightly higher proportion of Geisinger patients had potassium checked in the year following ACE‐I or ARB initiation (79%), and the incidence of potassium \>5 and \>5.5 mmol/L was also slightly higher, at 11.6% and 2.8%.

![Calibration plot of observed vs predicted risk of potassium \>5.5 mmol/L in the year following angiotensin‐converting enzyme inhibitor or angiotensin receptor blocker therapy by decile of predicted risk among patients in the (A) Stockholm Creatinine Measurements (SCREAM) development cohort (N=52 544), and (B) Geisinger Health System validation cohort (N=14 772). Reflects patients with baseline potassium levels \<5 mmol/L.](JAH3-6-e005428-g002){#jah32349-fig-0002}

Prediction of Hyperkalemia After ACE‐I or ARB Initiation {#jah32349-sec-0022}
--------------------------------------------------------

The susceptibility score--predicted probability of developing potassium \>5.5 mmol/L in the year following ACE‐I or ARB initiation varied by patient profile (Table [3](#jah32349-tbl-0003){ref-type="table-wrap"}). Patients with relatively preserved eGFR or baseline potassium \<4 mmol/L generally had low risk of developing potassium levels \>5.5 mmol/L in the year following ACE initiation. Among all new users of ACE‐I or ARB therapy in the SCREAM cohort, 91.8% had a predicted risk \<5%, 6.8% had a predicted risk between 5% and 20%, and 1.4% had a predicted risk \>20%. The risks among new users without potassium checks in the year following medication initiation were lower: 95.6% had a predicted risk \<5%, 3.7% had a predicted risk between 5% and 20%, and 0.6% had a predicted risk \>20%.

###### 

Hyperkalemia Susceptibility Score: Predicted Probability of Developing Potassium Levels \>5.5 mmol/L in the Year Following Initiation of ACE‐I or ARB Therapy for Various Patient Scenarios[a](#jah32349-note-0006){ref-type="fn"}

               Sex   Potassium   eGFR   DM   HF   K‐Sparing Diuretics   1‐Year Risk of K \>5.5
  ------------ ----- ----------- ------ ---- ---- --------------------- ------------------------
  Scenario 1   F     4           55     1    0    0                     2.1%
  Scenario 2   F     3.5         45     1    0    0                     2.0%
  Scenario 3   F     4.5         20     1    0    0                     26%
  Scenario 4   M     4           55     1    0    0                     3.0%
  Scenario 5   M     4           55     1    1    0                     8.2%
  Scenario 6   M     4           55     1    1    1                     18%

ACE‐I indicates angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; HF, heart failure; K, potassium.

Risk can be calculated by transforming variables in the following manner:

Female=1 if female, 0 if male

K=(potassium level in mmol/L−4)×10

eGFR1=\[60−(60 if eGFR \>60, eGFR if eGFR \<60)\]/15

eGFR2=\[60−eGFR if eGFR \>60, 0 if eGFR ≤60\]/15

DM, HF, and KSparing=1 if yes, 0 if no

Odds=e\^(−4.450592−0.3347532×female+0.1314612×K+0.9125292×eGFR1+0.3386612×eGFR2+0.6625622×DM+1.067721×HF+0.9290511×Ksparing)

Probability=odds/(1+odds).

Discussion {#jah32349-sec-0023}
==========

In this large, population‐based study of new users of ACE‐I or ARB therapy, we demonstrate that adherence to guideline‐recommended electrolyte monitoring was poor. Less than one third of patients had a potassium measurement within 30 days of starting an ACE‐I or ARB, and only 76% had one in the year following medication initiation. On the other hand, the 1‐year occurrence of hyperkalemia was generally quite low in those with potassium measurements, the majority of whom had preserved eGFR, with only 1.7% developing potassium levels \>5.5 mmol/L. People without potassium measurements tended to be of low predicted risk. These results suggest that more targeted protocols for monitoring potassium levels after ACE‐I/ARB initiation may be cost‐effective and safe.

There was a large increase in hyperkalemia risk among persons with low eGFR, a risk that was also present to a lesser extent in matched new users of β‐blocker therapy. This may suggest a need for heightened potassium monitoring in patients with reduced eGFR, even those taking medications thought to have only small effects on potassium, such as β‐blockers. Other strong risk factors for the development of hyperkalemia on ACE‐I or ARB therapy included higher baseline potassium levels, the concomitant use of K‐sparing diuretics, and the presence of diabetes mellitus or heart failure. The combination of these factors into a susceptibility score may allay provider concerns regarding the risk of hyperkalemia in low‐risk patients, encouraging greater prescription in patients with indications for ACE‐I or ARB therapy. Future work should focus on the risks and benefits of ACE‐I and ARB therapy in patients with higher risk scores, including whether use may be optimized with monitoring practices tailored to an individual patient\'s risk level.

Our findings of low rates of potassium monitoring among new ACE‐I and ARB users is at odds with various scientific societies' recommendations, but nonetheless consistent with observations in American cohorts.[18](#jah32349-bib-0018){ref-type="ref"}, [19](#jah32349-bib-0019){ref-type="ref"} A recent study by Chang and colleagues evaluating the prevalence of hyperkalemia and monitoring patterns in patients on antihypertensive medications reported that 20% of the population did not have serum potassium checked within a 3‐year period, including 6% of patients on an ACE‐I and 5% of patients on an ARB.[18](#jah32349-bib-0018){ref-type="ref"} Raebel and colleagues evaluated a prevalent population of patients using ACE‐I or ARB therapy and found similar rates of monitoring over 1 year.[19](#jah32349-bib-0019){ref-type="ref"} Our study adds to the existing literature by reporting testing in new ACE‐I or ARB users, a population in which KDOQI, KDIGO, and American Heart Association guidelines provide specific recommendations for testing.[11](#jah32349-bib-0011){ref-type="ref"}, [12](#jah32349-bib-0012){ref-type="ref"}, [13](#jah32349-bib-0013){ref-type="ref"}

Hyperkalemia is a noteworthy adverse event, with even modest elevations in potassium relating to mortality.[20](#jah32349-bib-0020){ref-type="ref"}, [21](#jah32349-bib-0021){ref-type="ref"}, [22](#jah32349-bib-0022){ref-type="ref"} Moreover, concern regarding the risk of hyperkalemia may preclude optimal prescribing practices. A Turkish study investigating barriers to use of ACE‐I and ARB therapy in chronic kidney disease patients reported that hyperkalemia was the most common reason for discontinuation of renin--angiotensin--aldosterone system blockers[10](#jah32349-bib-0010){ref-type="ref"}; other studies have attributed underutilization to similar reasons.[23](#jah32349-bib-0023){ref-type="ref"} Although clinical trials of ACE‐I or ARB therapy have reported low rates of hyperkalemia in both treatment and control arms, populations tend to be highly selected and monitored and hyperkalemia defined by potassium levels as high as \>6 mmol/L.[24](#jah32349-bib-0024){ref-type="ref"}, [25](#jah32349-bib-0025){ref-type="ref"} Our study reflects the "real world" use of ACE‐I and ARB, yet the overall rate of even mild forms of hyperkalemia (eg, \>5 mmol/L) was relatively low, suggesting that the vast majority of persons prescribed these medications can be considered low‐risk. Our observed rates of hyperkalemia generally coincide with those reported in the general population without risk factors (≈2%).[26](#jah32349-bib-0026){ref-type="ref"} However, the increased risk with lower eGFR is also consistent with previous reports, where rates may be as high as 40%.[27](#jah32349-bib-0027){ref-type="ref"}, [28](#jah32349-bib-0028){ref-type="ref"} This variation in hyperkalemia risk supports recommendations that tailor monitoring strategies to the individual patient, such as that put forth by KDOQI in 2004.[12](#jah32349-bib-0012){ref-type="ref"} Use of a susceptibility score may further refine personalized monitoring strategies.

Our hyperkalemia susceptibility score provides a 1‐year estimate of the likelihood of developing potassium levels \>5.5 mmol/L following ACE‐I or ARB initiation according to 6 commonly assessed clinical characteristics, and is easy to implement in an electronic medical record or trial protocol. We anticipate that risk prediction could be used both for medication safety as well as for optimizing ACE‐I and ARB use in target populations. Although many of the risk characteristics have been previously identified, an existing risk score did not incorporate sex or potassium, one of the strongest observed risk factors.[24](#jah32349-bib-0024){ref-type="ref"}, [25](#jah32349-bib-0025){ref-type="ref"}, [29](#jah32349-bib-0029){ref-type="ref"} In our study, male sex was also a risk factor for the development of hyperkalemia, potentially because of lower intake of potassium among women.[30](#jah32349-bib-0030){ref-type="ref"} Interestingly, we noted no difference in monitoring by baseline potassium level. Explicit consideration of baseline potassium (such as in a risk model) might improve monitoring practices after ACE‐I and ARB initiation.

Our study represents the largest study to date detailing risks among new users of ACE‐I and ARB therapy. We developed a simple susceptibility score using 6 commonly available clinical variables, and this risk prediction was accurate and well‐calibrated in both the development cohort and in a validation cohort in a different country with different laboratories and a different risk profile, demonstrating the robustness and generalizability of the model. However, there are certain limitations as well. We were only able to ascertain hyperkalemia risk in patients who had potassium monitoring. However, those without potassium monitoring were predicted to be low risk, providing additional confidence that the model aligns with provider expectations. We selected people who survived a year postinitiation, and thus may have slightly underestimated rates of hyperkalemia, which are related to death. We lacked uniform availability of certain variables that have been linked to the development of hyperkalemia previously, such as blood pressure and albuminuria.[31](#jah32349-bib-0031){ref-type="ref"} The population was primarily white, and there have been reports of lower risks among blacks.[32](#jah32349-bib-0032){ref-type="ref"} We did not separate different types of ACE‐I or ARB therapy and had no information on medication dose---previous studies have suggested that risk increases with higher dose[29](#jah32349-bib-0029){ref-type="ref"}---nor did we have information regarding the reasons for medication initiation. Finally, potassium values may be calibrated differently at different laboratories in the development and validation cohorts. However, the prediction model performed very well in all categories of risk as well as in both the development and validation cohorts.

In conclusion, we report on a large, population‐based cohort of individuals living in Sweden, detailing the rates of potassium monitoring and hyperkalemia among new users of ACE‐I and ARB therapy. Potassium monitoring in new users of ACE‐I and ARB therapy did not meet current recommended guidelines, but rates of hyperkalemia within the first year of therapy appeared to be low in most patients, the majority of whom had preserved eGFR. A notable exception was patients with eGFR \<30 mL/min per 1.73 m^2^, where rates were high for both patients on and off ACE‐I or ARB therapy. We propose an easy‐to‐implement hyperkalemia susceptibility score that may help tailor prescribing and monitoring practices in the clinical setting as well as aid in clinical trial design.
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**Table S1.** Baseline Characteristics of Propensity‐Matched Patients in the Serum Creatinine Measurements (SCREAM) Cohort Who Initiated ACE‐I or ARB Therapy and Those Who Initiated β‐Blocker Therapy Who Were Not on ACE‐I or ARB Therapy

**Table S2.** Baseline Characteristics of Patients Initiating Angiotensin‐Converting Enzyme Inhibitor or Angiotensin Receptor Blocker Therapy in the Geisinger Health System, Stratified by the Presence of Serum Potassium Monitoring in the Year Following Initial Medication Prescription

**Figure S1.** Distribution of change in potassium from baseline to first value after medication initiation among propensity‐matched patients in the Serum Creatinine Measurements (SCREAM) cohort initiating β‐blocker therapy (dashed line; N=20 186) or ACE‐I or ARB therapy (solid line; N=20 186).
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